Pilot Plant Activities with Concentrated Piperazine  by Chen, Eric et al.
 Energy Procedia  63 ( 2014 )  1376 – 1391 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
doi: 10.1016/j.egypro.2014.11.147 
GHGT-12
Pilot Plant Activities with Concentrated Piperazine
Eric Chena, Steven Fulkb, Darshan Sacheb, YuJeng Linb, Gary T. Rochelleb *
aPickle Research Campus, The University of Texas at Austin, 10100 Burnet Rd., Bldg 133, R7100, Austin, TX, USA
bMcKetta Department of Chemical Engineering, The University of Texas at Austin, 200 E. Dean Keeton St., C0400, Austin, TX 78712-1589, USA
Abstract
Amine aerosol testing was conducted at the University of Texas at Austin CO2 capture pilot plant using concentrated piperazine
(3.7 molal) and high temperature flash with cold rich bypass (140 °C). Two methods of piperazine aerosols generation were tested: 
H2SO4 injection with a liquid vaporizer injector, and direct injection 20 ppm of SO2 into the synthetic flue gas.  A Phase Doppler 
Interferometer (PDI) analyzer from Artium Technologies was used to measure piperazine aerosol droplet sizes and distributions at 
the absorber gas outlet.  A FTIR system with new upgraded heated probes was used to make measurements of total PZ 
concentrations at the absorber gas inlet and outlet. A manual sampling train method was used to provide secondary validation of 
FTIR and PDI measurements.  
© 2013 The Authors. Published by Elsevier Ltd.
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1. Introduction
1.1. Concentrated Piperazine
Concentrated (30-40 wt %) piperazine (PZ) with advanced flash stripper regeneration is a second generation amine-
based process for CO2 capture [1].  8 molal (m) PZ has double the CO2 absorption rate and capacity of 7 m MEA.  PZ 
also has a moderately high heat of absorption (70 kJ/mole) and is oxidatively and thermally stable, which should 
provide 10 to 20% better energy performance than 7 m MEA with thermal swing regeneration at 150 °C [2].  However, 
8 m PZ has a limited operating range due to solid solubility issues encountered at both the lean and rich CO2 loadings. 
* Corresponding author. Tel.: +1-512-471-7230; fax: +1-512-471-7060.
E-mail address: gtr@che.utexas.edu
 14 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
 Eric Chen et al. /  Energy Procedia  63 ( 2014 )  1376 – 1391 1377
An alternative solvent that can circumvent some of the limitations of 8 m PZ and still retain its benefits is 5 m PZ.
The use of 5 m PZ eliminates the solubility limitation on the rich CO2 loading end and expands the lean solubility 
window relative to 8 m PZ (Fig. 1). 5 m PZ can be operated at a lower lean loading, which has been shown to provide 
better performance in the absorber.  The absorption rate (kg’) of 5 m PZ is approximately 30 % higher than 8 m PZ 
which results in a significant reduction in the packing area requirement.  It also has about the same equivalent work 
requirement as 8 m PZ (Table 1). The viscosity of 5 m PZ is 50 % less than 8 m PZ.  However, in order to obtain the 
same CO2 capacity as 8 m PZ, the L/G for 5 m PZ must be operated approximately 17 % higher.  5 m PZ can be 
operated at 150 °C, which permits regeneration of CO2 at high pressures (6-8 bar).   
An analysis for the annualized cost of regeneration has found that the optimum lean loading for 5 m PZ is 0.22 mol 
CO2/mol alkalinity with a 7.5 °C LMTD for the cross-exchanger.  For 8 m PZ, the optimum lean loading is 0.26 mol 
CO2/mol alkalinity and 10 °C LMTD.  Fig. 2 shows that the equivalent work at the optimum conditions of 5 m PZ and 
8 m PZ is approximately the same.  Therefore, there are inherent benefits with using 5 m PZ over 8 m PZ and other 
amine solvents.  
Fig. 1. Solubility window for 5 m and 8 m PZ.
Table 1. Performance data for 5 m PZ, 8 m PZ, 7 m MEA, 4 m AMP/2 m PZ, and 5 m MDEA/5 m PZ.
Parameter 5 m PZ 8 m PZ 7 m MEA 4 m AMP/ 2 m PZ 5 m MDEA/ 5 m PZ
kg’ave x 107 (mol/s-Pa-m2) 11.3 8.5 4.3 8.6 8.5
Viscosity (cP) 4 11 3 5 13
Capacity (mol CO2/kg) 0.81 0.84 0.67 0.90 0.91
Tmax (°C) 163 163 121 128 117
Lean Loading (mol CO2/mol total alkalinity) 0.22 0.26 - - -
Rich Loading (mol CO2/mol total alkalinity) 0.40 0.40 - - -
L/G  (mol/mol) 3.03 2.55 - - -
Equivalent Work (kJ/mol CO2) 36.0 36.3 - - -
Packing Required (m2/mol CO2) 126 298 - - -
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Fig. 2. Equivalent work comparison for 5 m PZ and 8 m PZ with the simple stripper and advanced flash stripper (AFS) configurations and cross 
exchanger LMTD approach temperatures.
1.2. SRP CO2 Pilot Plant
The advanced flash stripper with cold and warm rich bypass builds on the technology developed from the two-stage 
flash and warm rich bypass configuration tested during a pilot plant campaign at the University of Texas of Austin 
Separation Research Program (SRP) in October 2011 (Fig. 3). The SRP pilot plant has a removal capacity of 3-6 tons 
of CO2/day and uses synthetic flue gas consisting of CO2 and air. The high temperature advanced flash stripping 
process at 150 °C exploits the high thermal stability of PZ and results in a much higher regeneration pressure (5-10 
bar).  A new configuration will integrate a gas-liquid heat exchanger to recover the heat from the overhead vapor by 
cross-exchanging it with the cold rich bypass stream.  The advanced flash stripping process offers a smaller footprint, 
a more simple design, and lower capital costs than a conventional packed stripper column.  
Fig. 4 shows the advanced intercooling configuration, which splits the liquid flow at the heat exchanger and returns 
a portion of the flow to the bottom packed bed and the remaining flow is recycled as spray to the top packed bed.  The 
intercooling recycle flow rate can potentially be five times the solvent feed flow to the absorber column.  This 
configuration maximizes the amount of intercooling and increases the amount of mass transfer area available for CO2
absorption. 
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Fig. 3. SRP pilot absorber/stripper system with high temperature flash skid (bottom left).
Fig. 4. Advanced flash stripper configuration.
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1.3. Amine Aerosol Emissions
Elevated emissions of amines have been observed at several CO2 capture pilot plants and attributed to amine aerosol 
formation.  Absorber water wash systems traditionally used to address amine volatility are not effective for the removal 
of amine aerosols.  Pilot and bench-scale studies have shown that SO3 can become the nucleation site for the formation 
of amine aerosols.  However, accurate measurements of amine aerosol droplet size and distributions is a challenge.
1.4. Past SRP Pilot Plant Testing 
Testing at the pilot scale with concentrated PZ has been completed in five separate campaigns since 2008 at the 
SRP pilot plant, which has a CO2 removal capacity of 3-6 tons/day (~0.1 MW) and consists of an intercooled absorber 
and simple stripper column.  Both columns have an inner diameter of 0.43 m and each column is typically filled with 
6.1 m of packing.  The facility uses synthetic flue gas consisting of air and CO2, which provides the flexibility to test 
at CO2 concentrations for both coal (12 mol %) and gas (3 mol %).  A new high temperature and pressure two-stage 
flash regeneration skid was designed, fabricated, and operated in 2010 and 2011 and successfully regenerated 8 m PZ 
at 150 °C and 14 bar.   
1.5. Pilot Plant Objectives 
The SRP pilot plant campaign conducted in November 2013 focused on the development of methods for generating, 
measuring, and capturing PZ aerosols.  To facilitate this effort, a liquid vaporizer injector (LVI) was procured and 
used to generate H2SO4 aerosols for injection into the pilot absorber gas inlet duct.  An SO2 gas injection system was 
also tested as an alternative aerosol generation method.  A Phase Doppler Interferometer (PDI) analyzer from Artium 
Technologies was used to measure PZ aerosol droplet sizes and distributions at the absorber gas outlet.  A FTIR system 
with newly upgraded heated probes was used to make measurements of total PZ concentrations.  Pilot plant testing 
was completed with 4 m PZ instead of 8 m PZ to evaluate performance differences with a lower viscosity and capacity 
solvent.  The SRP absorber column was packed with 6.1 m of RSP 250 structured packing and operated with two 
intercooling configurations.  The existing two-stage flash process was modified into a single-stage flash with cold rich
bypass process and operated at 140 °C.  
2. Pilot Plant Configuration 
2.1. Pilot Plant Configuration and Modifications
The November 2013 pilot plant campaign was conducted with absorber intercooling and one-stage flash with cold 
rich bypass (Fig. 5). The absorber column was packed with 6.1 m of RSP 250 structured packing, divided into two 
3.05 m sections by a chimney tray and redistributor (Table 1).  Liquid from the top packed bed is collected by a 
chimney tray, cooled to 40 °C, and circulated to the intercooling loop.  
The absorber column can be operated in two intercooling configurations: in-and-out intercooling and pump-around 
spray recycle intercooling.  The pump-around configuration uses a spray nozzle to return the liquid solvent to the 
absorber column in between the chimney tray and bottom of the top packed bed.  Liquid from the spray is eventually 
returned to the collector plate inventory.  The liquid on the collector plate overflows through a weir in the middle of 
the chimney to the redistributor below.  A liquid inventory of approximately 38 L is maintained.  This configuration 
circulates liquid solvent up to two times the solvent feed flow rate and increases mass transfer area for CO2 absorption.
The absorber was operated with both modes of intercooling to determine its effect on aerosol emissions.  
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Fig. 5. Process flow diagram for SRP pilot plant integrated with the high temperature one-stage flash skid.
Table 2. Absorber column packing and liquid distributor specifications.
Packing Absorber Top Distributor Absorber Middle Distributor
RSP 250 Structured Packing HC Perforated Pipe  (SRP3C) HC Trough Drip Tube
Two 3.05 m beds Range:  1.8 – 5.5 m3/hr Range:  0.7 – 7 m3/hr
250 m2/m3 3.7 pts/m2 1.3 pts/m2
2.2. Amine Aerosol Generation
The Liquid Vaporizer and Injector (LVI) by Air Quality Analytical, Inc. was used to generate H2SO4 aerosol at 1–
5 ppmv in a 9.9 m3/min stream using a solution of 10 vol % H2SO4 [3]. The vaporized acid was injected into the 
absorber inlet duct where it re-condensed as submicron H2SO4 mist on contact with the cold absorber feed gas. The 
acid was injected approximately 3 m upstream of the absorber gas inlet nozzle.  The campaign also tested an alternative 
aerosol generation method where 2 mol % SO2 gas mixture was injected into the flue gas to produce 10-25 ppmv of 
SO2 in a 9.9 m3/min gas stream. SO2 was injected at the discharge of the gas blower, which is approximately 15 m
away from the absorber column gas inlet.
2.3. Aerosol Measurements
Amine aerosol measurements were quantified using the following methods: FTIR, Phase Doppler interferometry 
(PDI), manual impinger-based measurements for amine concentrations, and manual impinger-based measurements 
for sulfuric acid concentrations using EPA Method 8.  The samples were collected at three locations: absorber gas 
inlet, absorber gas outlet, and gas knockout tank outlet.  FTIR and manual H2SO4 measurements were made at the 
absorber gas inlet (Fig. 6).  FTIR, PDI, and manual amine measurements were made at the absorber gas outlet.  A 
third FTIR measurement was made at the absorber gas knockout outlet, but a leak was detected and the sample point 
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Fig. 6. Locations of FTIR, PDI, and manual sampling ports.
2.3.1. Absorber FTIR Gas Analysis
A Gasmet™ DX4000 portable FTIR spectrometer was used to analyze for H2O, CO2, PZ, NH3 and SO2
concentrations in the gas at the absorber inlet and outlet. The FTIR has a path length of 5 m and a wavenumber 
resolution of 8 cm-1.  The FTIR extractive system included heated probes with heated probe tubes and heated sample 
lines at each of the three sampling locations.  A heated hot box with manual valves was used to switch between the 
three sample locations.  All of the components of the sampling systems were maintained at 180 °C to prevent 
condensation and vaporize any aerosolized material.  Heat tracing and insulation was installed on exposed transition 
tubing. The FTIR sample pump was installed downstream of the FTIR analyzer. For the pilot plant testing, all run 
data were signal averaged for 1 minute.
2.3.2. Phase Doppler Interferometry (PDI)
A demonstration Phase Doppler Interferometer (PDI) analyzer from Artium Technologies, Inc. was tested to
determine droplet sizes and distributions.  The PDI consisted of a transmitter, receiver, and data acquisition/processing 
box and was designed to make optical measurements through a windowed spool section.  The Artium PDI was capable 
of measuring droplet diameters from 0.5–10 ȝP (Fig. 7). The sample gas from the absorber outlet duct was pulled 
through a pipe nozzle by a regenerative blower at a rate of 0.6 m3/min, which approximated an isokinetic sample.  The 
PDI optical window spool section was located less than one meter from the sample nozzle and upstream of the blower.
The sample stream was pumped out of the regenerative blower back into the absorber outlet gas downstream of the 
sample point.  Fig. 8 shows a simplified process flow diagram of the bypass sampling system.
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Fig. 7. PDI Instrument Installed at SRP.
Fig. 8. PDI bypass sampling system process flow diagram.
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2.3.3. Manual Measurement for Amine Concentration
Gas-phase amine concentrations at the absorber outlet were measured with a manual sampling method in which 
flue gas was pulled iso-kinetically through a glass probe maintained at 127 °C and then through a series of devices 
designed to collect both the aerosol and vapor-phase fractions of the amine emissions. The gas passed from the probe 
into a condenser coil that was maintained as cold as possible with ice water (8 °C on 11/21/13 and 2 °C on 11/22/13). 
The purpose of the condenser coil was to knock out aerosol particles by both condensation and impingement via the 
gas’ tortuous path through the coil. 
The coil was oriented vertically such that gas passed from top to bottom; an empty modified impinger (i.e., no 
impingement plate) was mounted at the coil exit to collect condensate; this was followed by an empty Greenburg 
Smith impinger (i.e., fitted with an impingement plate).  The gas then passed through two Greenburg Smith impingers 
containing 0.1 N H2SO4; the purpose of these impingers was to collect any remaining gas-phase amine that penetrated 
the coil. The gas was then conditioned (dried with silica gel) so that sample volume could be measured.  
Sample runs lasted thirty minutes.  On completion of a sample run, the sampling train parts (probe, condenser, 
impingers, and connection pieces) were recovered with a 0.1 N H2SO4 rinse. The recovery of the sample train resulted 
in two fractions to be analyzed: (1) the probe, condenser, and empty impinger were recovered and analyzed together,
and (2) the acid impinger was recovered and analyzed separately. The recovered fractions were analyzed for PZ 
concentration via cation chromatography. These concentrations were multiplied by the mass of liquid recovered to 
determine the mass of PZ in the recovered fraction. The total amine concentration in the flue gas was calculated by 
summing the amine mass recovered in the two fractions and then dividing by the volume of flue gas sampled.
The sampling train was designed to measure total gas-phase and aerosol amine emissions; it was not designed to 
distinguish between and quantify aerosol and gas-phase emissions.  The contact of flue gas with condensed liquid in 
the condenser and empty impinger results in gas-phase amine being captured in the front end of the train.   
2.3.4. EPA Method 8 for SO2 and Sulfuric Acid Species
A modified version of EPA Method 8 was used to quantify sulfur dioxide and sulfuric acid emissions in the flue 
gas at the absorber inlet.  In this method, gas is extracted from a sampling point in the inlet duct.  The SO2 and SO3,
including those fractions in any sulfuric acid mist, are captured in the sampling train, which consists of a Greenburg 
Smith impinger containing 80% isopropyl alcohol, a non-heated filter, a modified impinger containing 6% hydrogen 
peroxide, and a Greenburg Smith impinger containing 6% hydrogen peroxide.  The sulfate content of the recovered 
train was measured by anion chromatography. Since there was no particulate matter in the flue gas, a heated filter 
was not used upstream of the sampling train. 
2.4. Aerosol Capture
The aerosol mitigation effort has focused on strategies to grow the aerosol particles inside the absorber column and 
water wash in order to capture them with conventional droplet removal technologies such as impingement trays and 
sieve plates.  An impingement tray was engineered in-house with some input from Dr. Frank Seibert and fabricated 
by a local machine shop.  The impingement tray was designed to have 1.6 cm-of-H2O of dry pressure drop and 1.9 
cm-of-H2O liquid pressure drop. The impingement tray consisted of three parts: demister, support ring, and sieve 
plate.  The demister removes any entrained liquid as gas passes through the tray, and the demister is located 
approximately 1 m above the impingement tray to provide enough disengagement residence time for droplets to 
agglomerate on the demister. 
The absorber feed pipe passes through a hole in the middle of the demister and is sprayed by a 180° spray nozzle 
outward to the absorber column walls.  The liquid flows down the walls and then radially from the outside edge to the 
center of the impingement tray.  An overflow weir on the tray proves a liquid level through which the absorber gas 
must pass.  The liquid then overflows the weir and into the downcomer connected to the liquid distributor below. The 
impingement tray was fabricated but was not tested during the 2013 campaign.
 Eric Chen et al. /  Energy Procedia  63 ( 2014 )  1376 – 1391 1385
3. Pilot Plant Results
3.1. Pilot Plant Performance
The November 2013 SRP pilot plant campaign evaluated 3.7 m PZ (24 wt %), one-stage flash with cold rich bypass, 
and absorber spray recycle intercooling.  The campaign only lasted for two days because of ongoing issues with the 
LVI.  Table 3 shows that operating conditions and performance of the pilot plant.  The gas and liquid rates were 
constant for the duration of the campaign.  However, although the absorber inlet gas rate was maintained at 9.9 m3/min,
the dramatic difference in ambient temperature resulted in different gas mass flow rates.  This is reflected in the L/G 
(mass/mass) of 3.7–4.0.  When the intercooling spray was turned off, the CO2 removal decreased from 92% to 75%.  
The flash stripper was maintained at 140 °C and 4.5 bar, which was slightly lower than the typical 150 °C at which 
the PZ campaigns have operated in the past.  
Table 3.  November 2013 one-stage flash operating conditions (1 mol PZ = 2 mol total alkalinity).
Parameter Value
PZ (wt %) 23.8 – 24.5
Lean loading (mol CO2/mol total alkalinity) 0.22 
Gas Rate (m3/min) 10
L/G  (mass/mass) 3.7 – 4.0
Intercooling (40 °C, column middle) On/Off
CO2 Removal (%) 75 – 92
Flash Stripper Pressure (bar) 4.5
Flash Tank Temperature (°C) 139
Absorber Packing RSP 250
3.2. LVI H2SO4 Aerosol Generation
A liquid vaporizing injector used H2SO4 to generate PZ aerosols at the SRP pilot plant.  Prior to installation at the 
plant, it was tested at the bench scale to verify performance.  However, when the LVI was operated during the pilot 
plant campaign, it experienced intermittent operation as a result of corrosion.  This resulted in the eductor plugging 
and subsequent shutdown of the LVI.  The LVI was operable for a limited amount of time when the eductor was 
cleaned after each shutdown.  The LVI was eventually abandoned and direct injection of SO2 was tested as an 
alternative method for PZ aerosol generation.   Table 4 shows the aerosols generation methods and sampling methods 
used in the November 2013 operations.  The absorber was operated with the intercooling spray recycle and also 
without intercooling.  
Even with intermittent operation, the LVI was operated long enough to demonstrate that PZ aerosols could be 
generated by the injection of sulfuric acid mist at the absorber inlet.  Fig. 9 shows FTIR measurements that were made 
at the absorber gas outlet for PZ, H2O, CO2, and NH3.  The figure shows a net increase in PZ concentration during the 
two periods where the LVI was operated.  The baseline concentration of 15 ppm increased up to 50–70 ppm during 
the two injections.  The manual sampling method (URS-2) also confirmed the elevated PZ concentrations measured 
by the FTIR. Manual measurements via EPA Method 8 confirmed that no SOX species were detected in the flue gas 
during LVI operation.
FTIR measurements were attempted at the knock-out tank outlet, but there appeared to be a leak in the line that 
could not be fixed during the test campaign. No data were reported from this sampling location. 
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11/21/13 9:30 11:15 ON Spray OFF OFF X
11/21/13 11:15 11:40 ON Spray ON
(Intermittent)
OFF X X
11/21/13 11:40 14:23 ON Spray OFF OFF X





11/22/13 9:40 13:40 OFF – OFF OFF X URS-4
URS-5
11/22/13 13:40 14:52 OFF – OFF 25 ppm X URS-7
11/22/13 14:52 15:30 ON Spray OFF 25 ppm X URS-8
11/22/13 15:30 16:45 ON Spray OFF OFF X
Fig. 9.  FTIR (UT/SRP) and manual sampling (URS) data taken 11/21/13. Dashed lines with circle points are manual sampling PZ 
concentrations averaged over a 30-minute interval adjusted for moisture content.  The LVI was in operation between the dotted gray lines.
3.3. SO2 Aerosol Generation
Direct injection SO2 gas was tested after it became apparent that the LVI would not be a reliable method for 
generating PZ aerosols.  A rotameter was used to meter in 2 mol % SO2 gas and obtain an approximate target 
concentration of 25 ppm in the flue gas.  This was verified by absorber inlet FTIR measurements, which measured 
SO2 concentrations of approximately 22.5 ppm on a wet basis (Fig. 10).  
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FTIR and manual measurements for PZ were made at the absorber gas outlet.  Fig. 11 shows that with the injection 
of SO2, the concentration of PZ increased, which indicated that PZ aerosols were generated.  This increase in 
concentration at the absorber gas outlet was detected by both the FTIR and manual sampling methods (URS-7).  
During the second half of the SO2 injection interval, the spray recycle intercooling was turned off and the PZ
concentration decreased.  Both FTIR and the manual sampling method (URS-8) confirmed the decrease.   The figure 
also shows that the manual measurements (URS-4 and URS-5) were consistently higher than the FTIR measurements 
for PZ. The PZ analysis region overlapped the H2O analysis region, and this may have contributed to some error in 
the PZ measurement.  
Fig. 10. FTIR analysis of SO2 at the absorber inlet heated probe (11/22/13).  SO2 was injected at a target concentration of 25 ppmv.
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Fig. 11. FTIR (UT/SRP) and manual sampling (URS) data taken 11/22/2013.  Dashed lines with circle points are manual sampling PZ 
concentrations averaged over a 30-minute interval adjusted for moisture content.  SO2 was injected during the period containing URS-7 and URS-
8. The FTIR was switched to measuring the absorber inlet during the time period 14:24 through 14:45.
3.4. PDI Measurements
Prior to installation at the SRP absorber column gas outlet, the operation of the PDI was verified in the laboratory 
by spraying an atomized H2O stream using an airbrush. After the PDI was installed at the absorber outlet gas duct, 
the airbrush test was repeated.  The airbrush was used to verify that the optical configuration was measuring droplet 
sizes under 5 ʅm at high total concentrations.  The total sample taken in a single measurement was fixed at 10,000 
counts by the PDI software.  The reported particle densities provide translation from probability distributions to 
absolute number distributions which can be used for mass balance calculations.
Even with the intermittent operation of the LVI aerosol generator, the PDI demonstrated that measurements of size 
distributions in highly dense (105 particles/cm3) streams between 0.5 and ȝPFRXOGEHPDGH+RZHYHU, a drop-off 
DWȝPLVREVHUYHGGXHWRWKHVHQVLWLYLW\HQYHORSHRIWKH3', Example histograms of the PDI from the SRP test 
campaign are shown in Fig. 12 and Fig. 13. The PDI data show that particle size distribution shifts to the right as the 
absorber temperature increases.  The size distribution shifts to the right (indicating larger particles) when moving from 
Fig. 12 (15.5 °C) to Fig. 13 (38.5 °C).  The steepness of the drop-off at 0.5 μm decreases as the absorber temperature 
increases due to the growth of the sub-0.5 μm particles into larger particles that were detected by the PDI.  
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Fig. 12. Consecutive PDI analyses taken on 11/19/2013 starting at 08:27 at an H2SO4 injection rate of 1.5 mL/min.  Absorber outlet temperature 
was 15.5 °C (10-min. average).
Fig. 13. PDI analyses taken on 11/21/2013 starting at 11:16 at an H2SO4 injection rate of 1.5 mL/min.  Samples were not consecutive.  Absorber 
outlet temperature was 38.5 °C (10-min. average).
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3.5. Pilot Plant Data Reconciliation
Data from the pilot plant campaign at the J.J. Pickle Research Campus (PRC) were used to validate absorber models 
developed in Aspen Plus® within the Independence thermodynamic and kinetic framework. The model validation 
process included quantification of error in the pilot plant data and reconciliation of pilot results with model prediction 
by variation of global model correction factors.  The error quantification and pilot plant data verification found that 
CO2 and PZ component material balances closed within 95% confidence intervals, confirming internal consistency in 
the pilot data.  
The two model parameters used to reconcile the November 2013 campaign were CO2 lean loading and effective 
interfacial mass transfer area of the packing.  The results indicated that a 7.3% correction in lean CO2 loading or a 
39% decrease in the packing mass transfer area enabled the model to match pilot plant mass and energy balance results
(Table 5). Surprisingly, these results were consistent with the data reconciliation completed for the October 2011 
campaign even though the pilot plant operating conditions were different (Table 6).  The November 2013 campaign 
was conducted with 3.7 m PZ instead of 8 m PZ and used RSP 250 instead of GTC 350Z.  RSP 250 has a dry mass 
transfer area of 250 m2/m3 and a corrugation angle of 45 degrees, whereas GTC 350Z has an area of 350 m2/m3 and a 
corrugation angle of 70 degrees. 
One potential sources of bias may be the manual titrations for loading measurements completed for the pilot plant 
campaign or the bench-scale data used to develop the Aspen Plus® solvent model. 






CO2 Correction 1.073 + 0.013 1.075 + 0.011
Interfacial Area 0.61 + 0.01 0.74 + 0.03
Interfacial Area (Corrected for different packing used) 0.74 + 0.01 0.74 + 0.03
Table 6. Operating Conditions for the November 2013 and October 2011 Pilot Campaigns.
Campaign November 2013 October 2011
Solvent Concentration (m) 3.6–3.75 7.2–7.9
Gas Rate (actual m3/min) 9.9 9.9–19
Liquid Rate (m3/hr) 2.7 2.7–3.9
Absorber Packing 
[Type/Sp.  Area (m2/m3)/Angle] Hybrid/250/Y Structured/350/Z
Intercooling Yes/No Yes 
Number of Runs 4 11
4. Conclusions
The 2013 SRP pilot plant campaign demonstrated 75 and 90% CO2 removal with 3.7 m PZ and reliable operation 
with the modified single-stage flash with cold rich bypass.  The gas rate was 9.9 m3/min and the liquid to gas (L/G) 
ratio was 3.7–4.0 (mass/mass).  Some issues with the reliable operation the LVI aerosol generator were identified.  A
Phase Doppler Interferometer (PDI) analyzer from Artium Technologies, Inc. was used to measure PZ aerosol droplet 
sizes and distributions at the absorber gas outlet.  An FTIR system with new upgraded heated probes was used to make 
measurements of total PZ concentrations.  Measurements by the PDI, FTIR, and manual stack sampling LVI all 
showed that PZ aerosols were formed when the LVI was operating properly.  The results showed that PDI was able 
to measure aerosol droplets down to 0.5 microns, which was the limit of the demonstration unit that was used.  A third 
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generation PDI instrument with a 0.1 micron resolution limit will be developed and tested in a future pilot plant 
campaign.
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